The propagation of picosecond deep ultraviolet laser pulse at wavelength of 193 nm in air is numerically investigated. Long plasma channel can be formed due to the competition between Kerr self-focusing and ionization induced defocusing. The plasma channel with electron density of above 10 13 /cm 3 can be formed over 70 m by 50-ps, 20-mJ laser pulses. The fluctuation of laser intensity and electron density inside ultraviolet (UV) plasma channel is significantly lower than that of infrared pulse. The linear absorption of UV laser by air is considered in the simulation and it is shown that the linear absorption is important for the limit of the length of plasma channel.
In recent years, the ultrashort laser pulse filamentation has attracted a great interest [1−10] . Filamentation is the result of a dynamic balance between nonlinear Kerr self-focusing and plasma defocusing, which is induced by high-order multiphoton ionization (MPI) of air. Long distance plasma channel with good spatial continuity is necessary for some applications such as lighting control and guiding of long gap air discharge.
Much of the theoretical and experimental work on filamentation was concentrated on the infrared (IR) laser pulse, typically at the wavelength of 800 nm and pulse durations around dozens or hundreds of femtoseconds [4] . In the well known case of 800-nm wavelength, the Kerr effect is proportional to the laser intensity I, but the ionization rate of oxygen molecular is proportional to I 8 . The balance between the Kerr self-focusing and ionization defocusing is highly dynamic for 800-nm laser pulse. If the laser pulse is initially focused by a convex lens, the length of the formed filament is only several meters long with the electron density of 10 16 −10 17 /cm 3 [1] . If the laser pulses freely propagate in air without initial focusing, the length of filament can extend to hundreds of meters but the electron density is very low for experiment detection. As a result, the study of producing long range plasma channel with good spatial continuity is still a big challenge in this field.
It has been proposed that ultraviolet (UV) filaments with long pulse duration would produce long plasma channel [10] . Schwarz et al. [11] performed experiments using a hybrid Ti:sapphire/KrF excimer laser to obtain filaments at 248 nm. The pulse duration was between 600 fs and several picoseconds. They observed filaments with the propagation distance of 12 m. Tzortzakis et al. [12, 13] performed experiments using 248-nm laser pulse for both 450 and 5 ps. The created filament can survive for 4 m.
There are also several deep UV short laser pulses that can be produced by a hybrid excimer laser system, such as ArF at 193 nm and F 2 at 157 nm. Zhu et al. achieved 10-mJ picosecond radiation tunable from 195 to 210 nm by sum-frequency mixing of the fundamental and the third harmonic of Ti:sapphire laser pulses [14] . This situation gives us possibilities to scale forward to the filamentation on shorter wavelength. If the laser wavelength is shorter than 200 nm, the energy of two photons is enough to ionize the oxygen molecular. In this case, the ionization rate is proportional to I 2 . Therefore, the focusing and defocusing effect should be easier to get balanced, in comparison with longer wavelength. This behavior of deep UV laser pulse is beneficial to form plasma channel with good continuity and more uniform distribution of electron density. Motivated by the advantages of deep UV laser pulses mentioned above, we numerically study the nonlinear propagation of picosecond 193-nm UV laser pulses in air. The critical power P cr for self-focusing effect is about 30 MW. It is found that a long and continuous plasma channel can be formed by the 50-ps laser pulse with the initial power 10P cr . The length of the produced plasma channel is about 75 m with the intensity above 10 9 W/cm 2 and the electron density around 1.3×10
13 −1.3×10 14 /cm 3 . The effect of linear absorption of UV laser in air is also considered.
The nonlinear propagation of deep UV laser pulse can by described by extended nonlinear Schrödinger (NLS) equation for slowly varying envelope of a linearly polarized laser electric field. The NLS equation is written as [15] ∂E ∂z
The equation is expressed in the reference frame moving with the pulse group velocity ( ∂ ∂r in cylindrical symmetry, the group velocity dispersion with coefficient k = ∂ 2 k/∂ω 2 |ω 0 , Kerr self-focusing, the plasma defocusing induced by multiphoton ionization (MPI) with electron density n e , the power dissipation caused by plasma absorption, linear absorption, and multiphoton absorption (MPA). The cross section for inverse Bremsstrahlung following the Drude
, where τ c denotes the characteristic time for electron-neutral inverse bremsstrahlung. n O = 0.2n air = 5 × 10 18 /cm 3 denotes the density of oxygen molecules. The linear absorption of UV laser by air should not be ignored due to the large cross-section α = 1.613×10 −23 cm 2 [16] . We ignore the effect of self-steepening and space-time focusing. These effects mainly influence the temporal characteristics of the pulses which are not the main interest of our work [17] . We also ignore the delayed Kerr effect because no spectral redshifting has been measured for UV beams [4] and the pulse duration we used is much more than the relaxation time of air.
The generation of plasma by multiphoton and avalanche ionization is described by the evolution equation for the electron density:
For MPI of oxygen molecules with the ionization poten-
is the minimum number of photons required to liberate an electron. The coefficient β (K) =hωKρ at σ K can be computed from Keldysh's theory. Electron recombination which becomes efficient on long time scales (ns) is ignored [18, 19] . All coefficients in Eqs. (1) and (2) are summarized in Table 1 .
The initial envelop of laser pulse with input power P in can be written as
The critical power P cr for self-focusing effect is about 30 MW. In self-guided propagation mode, the intensity is saturated by plasma defocusing [23] . This enables us to roughly link the peak intensity to the maximum electron density on the propagation axis r = 0 as [19] where n c = ε 0 mω 2 /e 2 is the critical plasma density, with m being the mass of electron, ω the laser angular frequency, and e the elementary charge. When avalanche ionization is negligible, n e (I) can be estimated by direct integration of Eq. (2):
From Eqs. (4) and (5), the clamping intensity is given by
This yields the clamping intensity I clamp ∼1.8×10 9 W/cm 2 for laser pulse with pulse duration t p = 50 ps. In the simulation, Eq. (1) is solved using full-step (not split-step) fast Fourier transformation in time and Crank-Nicholson in transverse space dimension. The whole time interval is discretized into 1024 points and the resolution is 248 fs. In the radial direction, we adopt a nonuniform grid division. The number of spatial grid is 400 with the spatial resolution 8.9 µm in the filament region and 60 µm in the fringe. The spatial resolution is enough to describe the micron size filaments and basically indicate the characteristics of thin filaments. The grid size of the propagation distance is 1 mm, which is defined to guarantee convergence of the algorithm.
Firstly, we consider the propagation of a 50-ps Gaussian pulse with 3-mm transverse waist. For the numerical results presented below, we alter the initial laser power in order to generate a single plasma channel with perfect properties. Figure 1 shows the energy fluence distribution defined as F (r, z) = ∫ +∞ −∞ |E (r, t, z)| 2 dt for laser pulses with different input powers. Figure 2 displays the radius, peak intensity, and peak electron density of the plasma channels predicted by the numerical computations. The radius of the beam, R (z), is taken at the half maximum of the fluence distribution. With one or several critical power (P in = P cr and P in = 2.5P cr ), the beam radius maintains almost the initial beam size over 100 m. Self-focusing is not observed due to the linear absorption and plasma defocusing as shown in Figs. 1(a) , (b), and Fig. 2(a) . The energy fluence always decreases along the propagation distance. In Fig. 1(c) , the input laser power is 10P cr and the initial intensity of laser pulse is around the clamping intensity. The corresponding input laser energy is 10 mJ. The triggered initial electron density is 1.3×10
14 /cm 3 . The ionization rate is proportional to I 2 which is stronger than the Kerr self-focusing effect. Hence, the laser pulse is strongly defocused by the plasma generated in the early propagation range. Then the laser pulse exhibits one focusing and defocusing cycle as the pulse propagates. The beam radius maintains 1.2−1.5 mm in the propagation range of 40<z<100 m. The length of plasma channel is defined when the electron density is above 1.0× 10 13 /cm 3 which is sufficient for lightning initiation [24] . The plasma channel survives for 80 m with intensity I>10 9 W/cm 2 and plasma density n e >1.0× 10 13 /cm 3 . After propagating for about 100 m, the energy loss due to MPA and linear absorption of UV laser by air terminates the channeling. When the input power is 50P cr (Fig. 1(d) ), the triggered initial electron density is 3.3×10 15 /cm 3 and it decreases to 10 13 /cm 3 in the first defocusing stage. We can find that the energy loss is much higher than that in Fig. 1(c) because of the significantly higher MPA during the propagation. Hence, the energy is dispersed outside and the beam radius is broadened, thus allowing the beam to selffocus again. The beam maintains a diameter of 0.8−1.1 mm for 40<z<100 m. The plasma channel survives for about 90 m with the electron density above 1.0×10
13
/cm 3 ( Fig. 2(c) ). Figure 3 shows the temporal evolution of the laser pulses along the propagation axis. It is seen that in the case of P in = 10P cr , the pulse maintains a shape almost unaffected along the plasma range (Fig.  3(c) ). With higher input power P in = 50P cr , the pulse splits and leads to a forklike pattern, where two arms of a fork corresponds to the leading (negative times) and trailing (positive times) split pulses. These results allow us to easily conclude that the input power should not be very high in order to reach a quasi-stable state.
In our simulations, the electron density is 3−7 orders of magnitude lower than the density of oxygen molecules of air. As a result, from Eq. (1) we can estimate that the plasma absorption can be ignored compared with linear absorption of UV laser pulse in air. Figure 4 displays the total energy evolution and energy loss due to linear absorption and MPA of the UV laser pulse with different input powers. With the critical power P cr (Fig. 4(a) ), the linear absorption is dominant due to the weak ionization of air. If the input power is 2.5 times higher than P cr (Fig. 4(b) ), the energy loss due to ionization is at the same level of linear absorption. With a higher input power (Figs. 4(c), (d) ), we can find the energy of the laser pulse decreases much quicker in the first propagation range with higher input energy because of the significantly high MPA. However, linear absorption of UV laser pulse by air dominates in the further propagation and limits the length of the plasma channel.
In conclusion, the propagation of picosecond laser pulses at 193 nm is numerically investigated. Compared to the laser pulse with long wavelength, the defocusing and self-focusing effect are easy to get balance to form a quasi-static plasma channel at the wavelength of 193 nm. In our simulation, a 75-m long plasma channel is formed by 20-mJ, 50-ps laser pulses. The fluctuation of electron density inside plasma channel is lower than that of infrared pulse. The linear absorption of UV laser pulses by air is an important factor to limit the length of plasma channel for long range propagation.
